INTRODUCTION
Arp2/3 complex is an assembly of seven proteins that nucleates actin filament branches from the sides of preexisting actin ''mother'' filaments (Pollard, 2007) . The complex is intrinsically inactive, and activation requires interactions with ATP, an actin monomer, a mother filament, and one of a diverse array of nucleation-promoting factors (NPFs), which include WASp/Scar family proteins, yeast type I myosins, Listeria monocytogenes Act A protein, cortactin, Abp1p, and Pan1p (D'Agostino and Goode, 2005; Higgs and Pollard, 2001 ). The complex contains two actinrelated proteins, Arp2 and Arp3, for which it is named. The crystal structure of inactive bovine Arp2/3 complex suggested that a rearrangement of Arp2 and Arp3 is required for them to initiate a daughter filament (Robinson et al., 2001) .
Like actin, Arp2 and Arp3 bind adenosine nucleotides, with the adenine ring and the ribose filling a notch at the interface of subdomains 3 and 4 and the phosphates clamped by two highly conserved loops from opposite sides of the large central cleft (Nolen et al., 2004) . After incorporation into a filament, actin rapidly hydrolyzes its bound ATP (Blanchoin and Pollard, 2002) and then slowly releases the g-phosphate (Melki et al., 1996) . The biochemical differences between ADP-and ATP-actin subunits provide a timing mechanism that allows the cell to distinguish between old and new actin filaments.
During branch formation, Arp2/3 complex hydrolyzes ATP bound to Arp2, but not to Arp3. Some experiments suggest that hydrolysis is necessary for nucleation (Dayel et al., 2001; Dayel and Mullins, 2004; Le Clainche et al., 2001) , while others point to a role in regulating branch disassembly (Le Clainche et al., 2003; Martin et al., 2006) . Mutations that inhibit ATP binding to Arp3 reduce nucleation by Saccharomyces cerevisiae Arp2/3 complex (Martin et al., 2005) and decrease the effect of Mg-ATP on fluorescence resonance energy transfer (FRET) between labeled subunits of human Arp2/3 complex, suggesting that ATP binding causes a conformational change in Arp3 important for activation (Goley et al., 2004) . However, soaking crystals of nucleotide-free bovine Arp2/3 complex with ATP caused a relatively minor structural change in which the cleft of Arp3 closed by 1.5 Å (Table 1 and Nolen et al., 2004) .
In this study we determined structures of bovine Arp2/3 complex cocrystallized with Ca 2+ or Mg 2+ , ATP, ADP, or the ATP analog AMP-PNP. We also tested the effect of crosslinking crystals with glutaraldehyde. These structures have clarified how nucleotides affect the conformation of Arp2/3 complex and allowed us to assemble a movie of the ATPase cycle of the actin family of proteins.
RESULTS AND DISCUSSION
Cocrystals of bovine Arp2/3 complex with bound ATPor ADP-Ca 2+ grew consistently in a new condition (precipitant A: 7.5% PEG 3350, 50 mM HEPES [pH 7.0], 100 mM KSCN, and 10% sucrose) with the same space group and nearly identical unit cell dimensions as crystals of Arp2/3 complex without bound nucleotides (Table 1) . We used the original apo-Arp2/3 complex structure as a starting point for rigid body refinement to solve each of the cocrystal structures. The Arp3 nucleotide-binding cleft adopted a range of conformations that were accommodated by compensatory variation of the longest unit cell axis (c) ( Table 1) with only minor differences in crystal contacts. Figure 1B ). ATP binding causes closure of Arp3 in all conditions we tested. Cleft closure may contribute to branch formation by favoring interactions of Arp2/3 complex with an NPF (Dayel et al., 2001 ), a mother filament, or the first subunit in the daughter filament. Together these cooperative interactions rearrange the Arps like two consecutive subunits in an actin filament, as observed in reconstructions of branch junctions from electron tomograms (I. Rouiller, X.-P. Xu, K.J. Amann, C. Egile, S. Nickell, D. Nicastro, R. Li, T.D.P., N. Volkmann, and D. Hanein, unpublished data). However, ATP binding alone does not activate Arp2/3 complex and the conformational change associated with ATP binding is much smaller in crystals than anticipated by FRET measurements (Goley et al., 2004) .
Closure of the nucleotide cleft of Arp3 with bound ADP varies depending on the conditions (Table 2 and (Table 2) . Therefore, the failure of AMP-PNP to support nucleation (Dayel et al., 2001) may be due to the conformations of Arp3 and/or Arp2 rather than a requirement for Arp2 to hydrolyze ATP. This is consistent with experiments showing that hydrolysis of ATP bound to Arp2 is a consequence of branch formation (Dayel and Mullins, 2004) rather than a requirement (Martin et al., 2006) . Dissociation of g-phosphate from Arp2 may influence the stability of branches (Martin et al., 2006) by opening the cleft of Arp2, as observed for Arp3-ADP.
Influence of the g-Phosphate on the Conformation of the Sensor and DNase Loops
The loop between b6 and aB of actin (residues 69-78 in actin and 78-85 in Arp3) is called the sensor loop because it is postulated to detect and relay conformational differences between ADP-and ATP-actin from the nucleotide cleft to other parts of the molecule (Graceffa and Dominguez, 2003; Otterbein et al., 2001; Rould et al., 2006) . In the closed ADP-Arp3 structure (2P9I), the absence of the g-phosphate allows the P1 loop to collapse inward slightly and the sensor loop to adopt the ''flipped'' conformation observed in two ADP-actin structures ( Figure 1B ) (Otterbein et al., 2001; Rould et al., 2006 Table 2 ).
The flip of the sensor loop was suggested to cause the DNase-binding loop of actin to fold into an a helix (Otterbein et al., 2001) . In Arp3, the change in the sensor loop does not influence the conformation of the ''DNase loop,'' which is disordered in all ten Arp2/3 complex structures solved to date. The distinct packing arrangements of Arp2/3 complex versus rhodamine-actin in crystals may contribute to this difference. In the ADP-rhodamine actin structure, the DNase helix is packed against a symmetry-related molecule. Flipping of the sensor loop upon loss of the g-phosphate changes the relative position of the symmetry-related molecule, providing a favorable interaction surface for the DNase helix (Graceffa and Dominguez, 2003; Otterbein et al., 2001; Rould et al., 2006) .
The Conformation of Val174 of Arp3 Is Not Tightly
Coupled with the Presence of the g-Phosphate A valine in the P2 loop (Val159 in actin, Val174 in Arp3) on the subdomain 3 side of the nucleotide cleft is postulated to couple g-phosphate release to opening the cleft of actin (Belmont et al., 1999) . We observed two distinct conformations for this residue in Arp3. In the ''down'' conformation, the backbone amide is oriented to form a hydrogen bond with the g-phosphate ( Figures 1B and 1C) , and in the ''up'' conformation it is not. The position is not correlated with the identity of the bound nucleotide in our crystal structures; Val174 is in the up conformation in all but the closed ADP-Arp3 structure (2P9I); i.e., it is up in three of four ADP structures, all three ATP structures, the AMP-PMP structure, and the two nucleotide-free structures. In actin, the up position is found only in the C. elegans ATPactin-gelsolin crystal (Vorobiev et al., 2003) 
(1D4X).
Reconstruction of the Actin Family ATPase Cycle from Crystal Structures Our ten structures of Arp2/3 complex together with the available actin structures reveal a spectrum of conformations that could influence the biochemical properties of these proteins ( Figure 1D ). We assembled the available crystallographic snapshots of the nucleotide-binding cleft of actin, Arp2, and Arp3 to postulate a sequence of conformational changes associated with the ATPase cycle of 
Molecular Cell
Arp2/3 Complex Crystal Structures actin family proteins. The accompanying movies (see the Supplemental Data available with this article online) morph this sequence of structures from one to the next by linear interpolation and adiabatic mapping carried out using a modified CNS (Brunger et al., 1998) script downloaded from the Gerstein lab morphing server (Krebs and Gerstein, 2000) . The motions of actin in the movie represent one possible path between the individual crystallographic for the sensor loop. Two distances define the width of the cleft: B1 (Thr14 Ca to Gly173 Ca; atoms shown as orange spheres) and B2 (Gly15 Ca to Asp172 Ca; atoms shown as brown spheres). Distance B2 was used to categorize clefts in structures of Arp2, Arp3, and actin as open, closed, or intermediate (Table 2) (Nolen et al., 2004) . The cleft must be open to avoid steric clashes with the protein as the nucleotide diffuses into the groove. The fact that nucleotide binds to subdomains 3 and 4 of Arp2 even though subdomains 1 and 2 are disordered shows that interactions of the nucleotide with subdomains 3 and 4 provide much of the binding energy.
Second, the cleft closes around ATP. The phosphates are clamped into place by hydrogen bonds to the P1 and P2 loops (for details see the movie legend in the Supplemental Data). The networks of interactions of ATP with actin and Arp3 are identical, although in some cases the hydrogen bond between the g-phosphate and Val159 (Val173 in Arp3) is missing, as described below.
Third, the ATP is hydrolyzed. Crystallographic (Vorobiev et al., 2003) and mutational analysis (Martin et al., 2006) suggests that a conserved histidine (His161 in actin) may play a role in activating and/or positioning a nucleophilic water located near the g-phosphate. In the majority of ATP-actin crystal structures, His161, the proposed nucleophilic water, and the g-phosphate are not aligned for catalysis. This may account for the very low rate of ATP hydrolysis by monomers (0.000007 s À1 ) (Rould et al., 2006) , but the fact that incorporation of actin into a filament increases the rate of hydrolysis >40,000-fold to 0.3 s À1 (Blanchoin and Pollard, 2002) raises the possibility of a substantial rearrangement of the active site and a catalytic mechanism quite different from that suggested by available structures. A high-resolution structure of filamentous actin will be required to understand the details of the mechanism. Fourth, the free g-phosphate moves away from the bphosphate, but maintains the hydrogen bond to the backbone amide of Val159 in the P2 loop as this residue flips up. No crystal structure of actin with bound ADP and inorganic phosphate is available, so we modeled this step using the ADP-P i intermediate of another member of the family of hexokinase fold proteins, Hsc70 (Wilbanks and McKay, 1995) . The flip of Val159 does not cause changes outside the active site in the movie but must in reality, because the rate constants differ substantially for dissociation and association of ADP-P i -actin and ATP-actin at both ends of filaments (Fujiwara et al., 2007) .
Fifth, g-phosphate dissociates from the protein. Steered molecular dynamics (MD) simulations of actin with ADP and inorganic phosphate suggested a ''back door'' release mechanism, in which phosphate escapes through a small solvent channel underneath the sensor loop and away from the solvent-exposed face of actin in a filament (Wriggers and Schulten, 1999) . Because this pathway is available without opening the cleft, it is consistent with the observation that slow ATP hydrolysis and phosphate release occur in some crystals of actin without perturbing the crystal (Hertzog et al., 2004; Kabsch et al., 1990) . Wriggers' simulation suggests that separation from the calcium is the rate-limiting step in phosphate release. The high energy barrier for this separation presumably accounts for the low rate constants for phosphate dissociation from (0.003 s
À1
) and association with (2 M À1 s À1 ) ADP-actin filaments. Sixth, in the absence of the g-phosphate the P1 loop collapses slightly and the backbone of the sensor loop flips, as seen in ADP-Arp3 and ADP-actin structures. It is unclear how this change affects the biochemical properties of actin. While a structural connection between the sensor loop and the DNase-binding loop has not been established, limited proteolysis experiments show that the nucleotide state influences the conformation of the DNase-binding loop (Strzelecka-Golaszewska et al., 1993) . The DNase-binding loop can adopt multiple conformations in both ADP-and ATP-bound states, so the dominant factor influencing its fold may be interactions with other proteins (Graceffa and Dominguez, 2003; Kabsch et al., 1990; Otterbein et al., 2001; Rould et al., 2006) . These structural transitions, regardless of how they are connected to the active site, are probably important in the context of the filament.
It is not known whether the closed ADP conformation is the most favored conformation in filaments and/or monomers in solution. The ADP-actin crystal structures are closed, suggesting that the closed state is thermodynamically favored (Otterbein et al., 2001; Rould et al., 2006) . The cleft of ADP-actin remained closed in MD simulations (Chu and Voth, 2005 ; P. Dalhaimer, B.J.N., and T.D.P., unpublished data). Furthermore, subunits in muscle actin filaments do not exchange nucleotide (Pollard et al., 1992) , which probably requires opening of the cleft. On the other hand, the cleft is open in reconstructions of electron micrographs of filaments of ADP-bound yeast actin (Belmont et al., 1999) . Differences in the cleft or other parts of the molecule must explain how the nucleotide bound to monomers and filaments determines their affinities for a number of proteins (see below) (Dominguez, 2004) .
Seventh, the cleft opens and ADP adopts the bent conformation seen in ADP-loaded Arp3 in the 1U2V structure. Dissociation of the g-phosphate probably favors this step, because bridging interactions between the phosphate and the P1 and P2 loops are lost. Steered MD simulations show that less force is required to open the cleft in ADPactin than ATP-actin (P. Dalhaimer, B.J.N., and T.D.P., unpublished data). As the cleft opens, the hydrophobic groove on the barbed end of actin between subdomains 1 and 3 closes. This region is a hotspot for actin-binding proteins (Dominguez, 2004) . Differences in its width caused by opening or closing of the nucleotide cleft could contribute to the higher affinity of thymosin b4, profilin, and WASp-family members for ATP-actin monomers (Hertzog et al., 2004) on one hand, and the higher affinity of ADF/cofilin and gelsolin for ADP-actin monomers on the other hand Pollard, 1998, 1999; Laham et al., 1993) .
Eighth, ADP dissociates with its bound divalent. Separation of the P1 and P2 loops, opening of the cleft, and the bent conformation of ADP facilitate release by providing the adenine ring, ribose, and phosphates with an unobstructed exit path.
We hope that our hypothesis for the ATPase cycle of actin monomers embodied in the movie will stimulate further thought and experimentation. Viewers should note that the movie has several limitations.
First, the physiologically relevant pathway involves actin monomers that bind ATP and dissociate ADP and polymerized actin subunits that hydrolyze ATP and dissociate the g-phosphate, but not ADP. At the present time little can be said about the details of the conformations of polymerized actin where interactions with neighboring subunits are certain to be influential.
Second, each state along the pathway is shown as a static structure, whereas in solution each chemical state is actually an ensemble of rapidly interconverting structures. The conformations captured in crystals are a sample of the population of a particular chemical state, but these crystallographic samples may not be the dominant conformation in solution. This is illustrated by inconsistencies between chemical states and conformations in crystal structures of both actin and Arps. For example, the backbone amide of Val159 can hydrogen bond to the g-phosphate when the side chain is in the down position, so this conformation might be favored with bound ATP. The up conformation of the side chain, if observed, might be more likely with bound ADP. However, Val174 was flipped up in all ATP-bound Arp3 structures and one ATP-actin structure (1D4X). Only the crosslinked ADP-Arp2/3 complex structure had the Val174 of Arp3 in the down conformation. Similar inconsistencies can be seen in the conformations of the sensor loop in Arp3 and actin structures. It is likely that the alternative conformations have similar energies and are readily interconverted. Additional crystal structures and MD simulations should clarify how the various conformations contribute to the ATPase cycle.
Third, the movie shows equal time intervals between each state, whereas some steps are fast (ATP binding) and some are very slow, such as ATP hydrolysis by actin monomers and phosphate dissociation from actin filaments. While the crystal structures of actin and Arp2/3 complex have allowed us to propose a sequence for the ATPase cycle, other biophysical methods are needed to relate the kinetic and thermodynamic parameters for ATP binding (De La Cruz and Pollard, 1996) , ATP hydrolysis (Blanchoin and Pollard, 2002) , g-phosphate release (Melki et al., 1996) , and ADP dissociation (Selden et al., 1999) to the occupancy of each chemical intermediate along this pathway in a population of actin or Arp molecules in solution.
The Architecture of the Inactive Complex May Prevent ATP Hydrolysis by Arp2 Treatment of Arp2/3 complex-nucleotide cocrystals (2P9I and 2P9K) with the nonspecific crosslinker glutaraldehyde dramatically increased the positive electron density in initial F o À F c maps in the regions expected to contain subdomains 1 and 2 of Arp2 (Figures 2A and 2B and Figure S1) . The new density allowed us to model an additional 85 residues, including 69 residues in subdomain 1. Crosslinking captures the P1 and P2 loops in a closed conformation (Table 2) , which must be occupied at least transiently in crystals. However, much of subdomains 1 and 2 of Arp2 remain disordered, and the newly modeled regions have relatively high B factors. This suggests a high energy barrier for stable closure of subdomains 1 and 2 around the nucleotide. The structural basis for this energy barrier is apparent in a model of Arp2/3 complex built by superposing subdomains 1 and 2 of rabbit skeletal muscle actin (1ATN) onto the ordered regions of subdomain 1 of Arp2 in the crosslinked structures ( Figure 2C ). In this model, side chains from subdomain 2 of Arp2 clash with side chains on both the aI/aJ loop and the aK/b15 insert of Arp3. This aK/b15 insert in Arp3 has been conserved for a billion years (Beltzner and Pollard, 2004) and may provide a steric bumper that prevents the cleft of Arp2 from closing, hence inhibiting spontaneous activation and hydrolysis of bound ATP until the complex is activated.
EXPERIMENTAL PROCEDURES
Arp2/3 complex was purified from bovine calf thymus (Robinson et al., 2001) . Crystals were grown using the hanging drop vapor diffusion method at 4 C using either precipitant A (7%-9% PEG 3350, 50 mM HEPES [pH 7.0], 100 mM KSCN, and 10% sucrose) or precipitant B (7%-9% PEG 8000, 50 mM HEPES [pH 7.5], and 100 mM KSCN) and 25-40 mM Arp2/3 complex. For cocrystallization, Arp2/3 complex stocks were mixed with 10 mM ATP, ADP, or AMP-PNP and 10 mM CaCl 2 or MgCl 2 to bring the nucleotide and divalent concentration to 0.5 mM prior to mixing with precipitant. Crystals grown in precipitant A were soaked in 18% PEG 3350, 20 mM HEPES (pH 7.0), and 24% sucrose plus nucleotide and divalent for 1 hr before flash freezing. Crystals grown in precipitant B were soaked in 18% PEG 8000, 20 mM HEPES (pH 7.5), and 20% glycerol plus nucleotide and divalent for 1 hr before flash freezing. Crystals 2P9U, 2P9K, and 2P9I were grown in the presence of 25 mM human WASp construct B-GBD-CA (residues A223-Q310-GGSGGS-Q461-D502, a gift from the laboratory of Michael Rosen). Peptides corresponding to the C and A domains of N-WASp were present at 500 mM each in the cryosoak for crystal 2P9U. No density was observed for activators in these structures, and a 2.8 Å resolution data set confirmed that activator peptides had no effect on conformation of Arp2/3 complex in the 2P9U crystal (data not shown). Crosslinked crystals 2P9K and 2P9I were prepared by suspending crystallization drops over a microbridge containing 50% glutaraldehyde for 1 hr, then transferring to cryobuffer and flash freezing. Data were collected at 19ID (ALS) or X29A (NSLS) ( Table 1) and processed with HKL2000 (Otwinowski and Minor, 1997) . The original apoenzyme Arp2/3 complex structure (1K8K) was used as a starting model for rigid body refinement and subsequent rounds of minimization in CNS (Brunger et al., 1998) . Models were rebuilt using COOT and O (Emsley and Cowtan, 2004; Jones et al., 1991) . Water molecules were added at the end of the refinement using a s cutoff of 2.5.
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